Introduction
The Chahfiruzeh porphyry copper deposit is located in the southern section of the Cenozoic Urumieh-Dokhtar magmatic belt (Figure 1 ). Mineralization in Chahfiruzeh is associated with a Miocene quartz-monzodiorite to quartz-diorite porphyritic intrusion, intruded into older andesitic-basaltic lava flows and pyroclastic rocks (Mohammadzadeh, 2009) . Hydrothermal alteration assemblages typical of porphyry copper deposits (PCDs) are well developed in Chahfiruzeh (Alirezaei and Mohammadzadeh, 2009 ). The ore reserve has been evaluated to be over 100 Mt (NICICO, 2008) .
The chemical compositions of minerals in magmatic rocks provide invaluable information as to the origin, nature, and post-solidus modifications of the magmas, as well as the nature of the ore fluids associated with the magmas. In particular, the halogen (F, Cl) contents of biotite and hornblende can be used to investigate the characteristics and the evolution of the magmas and associated hydrothermal fluids (Imai, 2000; Selby and Nesbitt, 2000; Boomeri et al., 2009 Boomeri et al., , 2010 Xianwu et al., 2009; Siahcheshm et al., 2012) . The composition of hornblende has been used to estimate the crystallization temperature of magmas (e.g., Anderson and Smith, 1995) , and the amount of In this study, we present data on the chemical compositions of the rock-forming minerals, plagioclase, biotite, and hornblende, as well as secondary hydrothermal biotite, sericite, chlorite, and sulfide minerals, and we discuss the nature and evolution of the magmas and hydrothermal fluids involved in alteration and mineralization in the Chahfiruzeh porphyry system. Stöcklin (1968) and Aghanabati (1990) ] and location of Chahfiruzeh and Sarcheshmeh porphyry systems. Hamilton, 1975) , andesitic dykes in Sungun (Hezarkhani, 2006) , and diorite-to quartz-diorite dykes in Miduk (Taghipour et al., 2008) . Hasanpour (2010) showed that the andesitic dykes in Sungun postdated the main stage of alteration-mineralization by less than 0.5 Ma.
The youngest magmatic activity in Chahfiruzeh is represented by a dacitic intrusion to the northeast of the deposit. The dacite contains numerous enclaves of the altered and mineralized Chahfiruzeh porphyry. It consists of plagioclase, quartz, hornblende, and biotite phenocrysts in a fine feldspar-quartz groundmass (Figure 3c) .
Following a long period of uplift and erosion that led to the exposure of the deposit at the surface, the deposit was covered by a thick blanket of unconsolidated volcanic materials (lahar). Most lahar cover was subsequently eroded away, and the deposit was subjected to further weathering and erosion.
The Chahfiruzeh porphyry, the post-ore diorite, and the younger dacite all display calc-alkaline affinities and feature characteristics of intrusions emplaced in continental volcanic arc settings (Mohammadzadeh, 2009) . This is consistent with data from many other Miocene intrusions associated with PCDs in the UDMB (e.g., Zarasvandi et al., 2005; Richards et al., 2006; Shafiei et al., 2009 ). The intrusive rocks in Chahfiruzeh display similar patterns in chondrite-and primitive mantle-normalized plots, implying a common magma source and evolution for the rocks (Alirezaei and Mohammadzadeh, 2009 ). They are distinguished by distinct enrichments in light rare earth elements relative to heavy rare earth elements; low Mg, Y, and Yb contents; and high Sr/Yb rations, features typical of adakitic or adakite-like magmas, as described by Defant and Drummond (1990) , Richards and Kerrich (2007) , Castillo (2012) , and Richards et al. (2012) .
Hydrothermal alteration-mineralization
Hydrothermal alteration has extensively affected the Chahfiruzeh porphyry and the host rocks. The alteration displays a broad zoning from a central, potassic assemblage, bordered by phyllic and propylitic assemblages outward. Silicic alteration and silica ledges locally occur at surface exposures. A supergene argillic alteration is superimposed on other alterations at surface and shallow depths. The paragenetic sequences of minerals from various alteration zones are presented in Figure 4 .
Potassic alteration is characterized by abundant secondary biotite and subordinate K-spar, magnetite, and gypsum. Biotite occurs commonly as aggregates of fine (<100 µm), anhedral grains preferably replacing original magmatic hornblende and biotite, as well as a neoformed phase developed in the matrix and in veinlets. K-spar occurs in veinlets and as an alteration product replacing plagioclase.
Phyllic alteration is distinguished by the assemblage sericite, quartz ± chlorite, commonly associated with pyrite ± chalcopyrite. The alteration occurs across quartzsulfide veinlets overprinting earlier potassic assemblages, as well as pervasive affecting large volumes of rocks. Propylitic alteration is developed in the volcanic host rocks with distance from the porphyritic pluton. The alteration is distinguished by variable carbonates (mostly calcite), epidote, and chlorite at the expense of plagioclase and mafic silicates. The late dioritic intrusion and associated dykes also display propylitic alteration, even where they cut rocks with potassic alteration.
Copper mineralization at Chahfiruzeh occurs as quartzsulfide stockworks and sulfide disseminations associated with potassic and phyllic alteration assemblages. The hypogene sulfides include pyrite, chalcopyrite, and rare bornite and molybdenite. An oxide zone dominated by malachite is well developed in the southern part of the deposit, where it was mined for several years in the 1990s. A supergene enriched blanket, up to 40 m thick, occurs in the deposit. The late diorite is locally rich in pyrite; however, the copper assay rarely exceeds 0.1%.
Materials and methods
Primary magmatic and secondary alteration minerals from various rocks collected from drill cores (Table 1) were analyzed with a Superprobe Jeol JXA 8200 instrument at the Eugen F. Stumpfl Laboratory of Leoben University, Austria. Back-scattered electron images were obtained using the same instrument. The analyses were conducted in WDS mode with 15 kV accelerating voltage and 10 nA beam current. The beam diameter was about 1 µm. Analyses for Mg, Al, Ti, Si, Ca, Na, K, F, Cl, Mn, and Fe were carried out using the Kα lines and were calibrated on natural adularia, atacamite, rhodonite, titanite, fluorite, labradorite, wollastonite, and olivine. The counting times for peaks and backgrounds (upper and lower) were 20 and 10 s, respectively. The following diffracting crystals were used: TAP for Na, Mg, and Al; PETJ for Ti and Cl; PETH for Si, Ca, and K; and LIFH for Fe and Mn. The detection limits, calculated for each element by the instrument software, are (in wt.%): 0.01 for a b Mg, Al, Si, Ca, K, and Cl; 0.02 for Na; 0.03 for Ti, Fe, and Mn; and 0.25 for F. The sulfides were analyzed by electron microprobe in the WDS mode, at 20 kV accelerating voltage and 10 nA beam current, using a beam diameter of about 1 µm or less. The counting time for peaks and backgrounds were 20 and 10 s, respectively. The Kα lines were used for S, As, Fe, Cu, Co, Ni, and Zn; Lα for Mo; and Mα for Pb. The reference materials were synthetic NiS, natural chalcopyrite, galena, molybdenite, skutterudite, sphalerite, and niccolite for Ni, Fe, Cu, Pb, Mo, Co, Zn, S, and As. The following diffracting crystals were selected: PETJ for S; PETH for Mo and Pb; LIFH for Fe, Cu, Co, Ni, and Zn; and TAP for As.
Mineral chemistry
The chemical compositions of the primary magmatic minerals, and the minerals developed in the course of hydrothermal alteration and mineralization, were determined to investigate the physicochemical conditions of the magma and the fluids involved in alteration and mineralization in the Chahfiruzeh deposit. To save space, here we present only the chemical compositions of the primary magmatic minerals; data for other minerals will be provided upon request.
Amphibole
Amphibole is a common Fe-Mg mineral in the Chahfiruzeh porphyry; however, it is variably replaced by secondary biotite and chlorite. The post-ore dioritic intrusion and associated dykes have been indicated to be cogenetic with the Chahfiruzeh porphyry and emplaced at the same crustal levels (Alirezaei and Mohammadzadeh, 2009; Mohammadzadeh, 2009) . As a proxy, fresh amphibole phenocrysts from a diorite dyke were analyzed. Amphibole composition was calculated to an atoms per formula unit (a.p.f.u.) of 23 oxygen and normalized to total cations (Na + K) = 15, following Hawthorne (1981) . Ferric iron was calculated according to the method described by Robinson et al. (1981) . The amphibole phenocrysts vary in composition from magnesio-hornblende to edenite. The phenocrysts are rich in the Mg component (X Mg = 0.58-0.71 and X Fe+2 = 0.29-0.42), and in this respect they compare with amphiboles reported from many intrusive rocks associated with porphyry Cu mineralization worldwide (e.g., Imai, 2000; Idrus et al., 2007) .
A hornblende-plagioclase thermometer was calibrated according to the method of Holland and Blundy (1994) using 2 exchange reactions, including 1) edenite + 4 quartz = albite + tremolite; and 2) edenite + albite = anorthite + richterite. The first exchange reaction applies to quartzbearing assemblages and is adopted in the present study.
Amphibole from the post-ore diorite is characterized by 0.30-0.65 a.p.f.u. Na, 0.14-0.42 a.p.f.u. Al VI , 6.08-7.05 a.p.f.u. Si, and X Mg = 0.58-0.71. The coexisting plagioclase has a composition varying from Ab 57.6 to Ab 68.3 . The composition of the amphibole meets the criteria of Holland and Blundy (1994) and can be used in hornblendeplagioclase thermometric calculations. The calculations suggest a mean temperature of 758.8 ± 18 °C for the emplacement of the post-ore diorite and, by analogy, the main porphyritic intrusion (Table 2 ).
An Al-in-hornblende barometer potentially offers a basis for estimation of the crystallization pressure for granitic rocks (Anderson and Smith, 1995) . The temperatures obtained by the hornblende-plagioclase thermometer were used to determine the pressure at emplacement. Using the equation of Anderson and Smith (1995) , our calculations suggest that the post-ore diorite was emplaced at approximately 1.51 ± 0.6 kbar, consistent with a depth of approximately 6 km ( Table 2) .
Feldspar
Plagioclase is a major constituent of intrusive rocks in Chahfiruzeh. Plagioclase phenocrysts were analyzed from the Chahfiruzeh porphyry, a post-ore diorite dyke, and the host andesitic volcanic rocks.
The composition of the primary plagioclase phenocrysts preserved in the phyllic and potassic alteration zones in the Chahfiruzeh porphyry ranges from Ab 96.4 to Ab 98.6 and Ab 61.2 to Ab 86.8 , respectively. The high Ab component in plagioclase from the phyllic alteration zone can be attributed to post-solidus, hydrothermal reactions involving introduction of Na. Sodium metasomatism and development of albite at the expense of calcic plagioclases during phyllic alteration has been reported from several PCDs (e.g., Hezarkhani, 2006; Idrus et al., 2007) .
The composition of plagioclase phenocrysts in the post-ore diorite ranges from Ab 57.6 to Ab 84.3 , which is broadly consistent with that in the Chahfiruzeh porphyry with potassic alteration. The composition of plagioclase in the host andesite displays a narrow range (Ab 46.4 to Ab 47.9 ) and is distinctly more calcic than those in the Chahfiruzeh porphyry and the post-ore diorite. Anderson and Smith (1995) . **Calculation after Holland and Blundy (1994) . 
Biotite
Three types of biotites were analyzed: 1) primary magmatic biotite from the Chahfiruzeh porphyry; 2) secondary biotite replacing primary biotite and hornblende in the Chahfiruzeh porphyry; and 3) neoformed biotite occurring in matrix in the host andesite. Primary magmatic biotite is locally well preserved in the Chahfiruzeh porphyry, particularly in rocks with potassic alteration. The biotite is characterized by a high and consistent Mg component (X Mg ratio between 0.62 and 0.66), but relatively low Al IV content (2.21 to 2.29 apfu) (Table 3 ). The biotite plots near the phlogopite corner ( Figure 5 ). Plots of the magmatic biotites on the ternary MgOFeO tot -Al 2 O 3 discrimination diagram, proposed by AbdelRahman (1994) , suggest a calc-alkaline, orogenic-related setting for the Chahfiruzeh porphyry and associated mineralization ( Figure 6 ). This is consistent with interpretations based on the whole rock chemistry, as mentioned earlier. The Mg-rich character of the primary biotite in the Chahfiruzeh porphyry is consistent with data from many other PCDs reported in the literature (Jacobs and Parry, 1976, 1979; Beane and Titley, 1981; Mason, 1987; Selby and Nesbitt, 2000) .
The secondary, reequilibrated biotite also plots close to the phlogopite corner ( Figure 5) ; however, it is distinguished from the primary biotite by a slightly higher Mg component (X Mg ranging from 0.53 to 0.68). The rather similar composition of the primary and secondary reequilibrated biotites suggests that the former was in equilibrium with the fluids responsible for the potassic alteration. The slightly higher MgO and lower FeO values in the reequilibrated biotite could be explained by the removal of iron to form pyrite and chalcopyrite. Deer et al. (1972) . Symbols: Potassic alteration in the CHP (circle), potassic alteration in the andesite (diamond), phyllic alteration in the CHP (square), propylitic alteration of diorite (triangle).
The secondary neoformed biotite from the andesite with potassic alteration is characterized by higher Al 2 O 3 , FeO, and K 2 O and lower F, Na 2 O, and TiO 2 contents compared to the primary and reequilibrated biotites from the Chahfiruzeh porphyry. The difference in composition may be attributed to changes in fluid composition with time and with distance from the source of the fluid, and to original variations in the mineralogy and geochemistry of the 2 rocks. 4.4. Sericite Sericite was analyzed from a specimen with pervasive phyllic alteration in the Chahfiruzeh porphyry (Table 1 , Appendix 1). The sericite displays a relatively wide range in Na 2 O and K 2 O contents (0.12-0.47 and 7.75-11.81 wt.%, respectively) and in Al/Si atomic ratio (0.33-0.46). This could be due to changes in the fluid composition as well as the chemistry of the original mineral being replaced. Variations in K 2 O are positively correlated with MgO contents.
Chlorite
Chlorite occurs as: 1) overprint on earlier secondary biotite in rocks with dominant potassic alteration (Type 1); 2) associated with sericite in phyllic alteration (Type 2); 3) replacing magmatic biotite and hornblende in propylitic alteration (Type 3). Chemical formula were calculated from electron microprobe analyses on the basis of 14 oxygens per formula unit (Appendix 2). The chlorites range in composition from pynochlorite to ripidolite based on the classification of Deer et al. (1972) (Figure 7 ). The chlorite from phyllic alteration has higher Al 2 O 3 content (18.23-21.12 wt.%) compared to chlorite from potassic alteration (16.3-19.83 wt.%). Chlorite from potassic alteration in the host andesite displays the highest Al 2 O 3 and lowest FeO contents. Chlorite from propylitic alteration in the postore diorite is relatively enriched in MnO and depleted in MgO and TiO 2 . The chlorite is also distinguished by higher X Fe (0.4 to 0.44) compared to those from potassic and phyllic alterations in the Chahfiruzeh porphyry.
Chlorite geothermometry was used, following the method described by Kranidiotis and MacLean (1987) , to constrain the formation temperatures of chlorites from various alteration zones. The temperatures vary in a narrow range between 212 to 246 °C, and no significant differences can be distinguished among the various chlorites. The low temperatures of formation calculated for chlorite is consistent with data from fluid inclusion studies, where an assemblage with homogenization temperatures in the range 240-260 °C has been distinguished (Einali, unpublished data).
Sulfide minerals
Chalcopyrite is the main hypogene copper mineral at Chahfiruzeh; bornite occurs locally as a minor phase. Chalcopyrite is common in both phyllic and potassic alteration zones; bornite, however, occurs only in the potassic zone. The minerals were analyzed for variations in Mo, As, Ni, Co, Zn, and Pb, besides the main constituents, S, Fe, and Cu. Both minerals were found to be close to their ideal compositions (CuFeS 2 and Cu 5 FeS 4 , respectively).
Chalcopyrite accommodates higher contents of Mo (0.45-0.65 wt.%, mean 0.57 wt.%) relative to bornite (0.36-0.51 wt.%, mean 0.42 wt.%). Chalcopyrite from the potassic zone was found to be enriched in Zn (<0.01-0.19 wt.%) and Pb (<0.01-0.09 wt.%), compared to that from the phyllic zone (<0.01-0.14 wt.% and <0.01-0.06 wt.%, respectively).
Bornite carries higher contents of Pb (<0.01-0.22 wt.%) compared to chalcopyrite from both potassic and phyllic zones (<0.01-0.05 wt.% and <0.01-0.15 wt.%, respectively). Bornite and chalcopyrite from the potassic zone contain similar contents of Zn (0.01-0.1 and <0.01-0.18 wt.%, respectively); chalcopyrite from the phyllic zone, however, is depleted in Zn (<0.01-0.09 wt.%).
Halogen chemistry
Magmatic biotite composition is useful in the calculation of the fluorine and chlorine fugacities in magma during crystallization, which are represented by log (fHF/fH 2 O) and log (fHCl/fH 2 O), respectively (e.g., Ague and Brimhall, 1988; Zhu and Sverjensky, 1992) . Halogen fugacity can be computed using the equations of Munoz (1992) , which are based on the revised coefficients for the halogen-hydroxyl exchange (Zhu and Sverjensky, 1992 The crystallization temperature for the Chahfiruzeh porphyry is assumed to be around 760 °C by analogy with the temperature calculated for the diorite, as well as temperatures reported in the literature for crystallization of similar intrusions (e.g., Idrus et al., 2007) .
Using the equations of Munoz (1992) , the log values for fH 2 O/fHF, fH 2 O/fHCl, and fHF/fHCl in the Chahfiruzeh porphyry magma fall in the ranges of 5.23-6.80, 5.05-5.13, and -1.16 to -2.70, respectively (Table 3) . A comparison to several other intrusions associated with porphyry-style mineralization suggests that the Chahfiruzeh porphyry crystallized at higher fH 2 O/fHCl ratios (Figures 8 a and  8b) . The fHF/fHCl ratios can be compared to those of the other intrusions ( Figure 8b) ; however, the fH 2 O/fHF ratios plot near the lower end of the values reported for other intrusions (Figure 8a ). X Mg , X sid , and X ann (siderophyllite and annite mole fractions, respectively) for biotite from the Chahfiruzeh porphyry were used to calculate the halogen intercept values, IV(F), IV(Cl), and IV(F/Cl) ( Table 3) . X sid and X ann in biotite were obtained from the following equations (after Gunow et al., 1980) : X sid = (3 -Si/Al) 1.75 × (1 -X phl ), X ann = 1-(X phl − X sid ).
The intercept values (IVs) were introduced to define single numerical values that express the relative degrees of F or Cl enrichments in mica, and the values are temperature-independent (Munoz, 1984) . The IV(F) and IV(Cl) for biotite were defined by Munoz (1984) using the following equations: IV(F) biotite = 1.52 X Mg + 0.42 X An + 0.20 X sid -log (X F / X OH ), IV(Cl) biotite = -5.01 -1.93 X Mg -log (X Cl / X OH ). Magmatic biotites from the Chahfiruzeh porphyry display a narrow range (-3.89 to -4.00) in IV(Cl) values (Table 3) . A broad correlation exists between fH 2 O/fHCl ratios and IV(Cl) values when various deposits are plotted (Figure 9) , with Chahfiruzeh being distinguished by relatively high log fH 2 O/fHCl ratios and IV(Cl) values.
The IV(F) biotite values for the Chahfiruzeh porphyry vary between 1.5 and 3.07 (Table 3) and compare with those established by Munoz (1984) for shallow intrusions associated with porphyry-style Cu deposits. The IV(F/ Cl) biotite values are directly related to the f(HCl)/f(HF) ratios, because they are independent of the temperature of equilibrium and the OH − content of the mica (Munoz, 1984) . The IV(F/Cl) biotite values for the Chahfiruzeh porphyry vary between 5.5 and 7.02 (Table 3) . The values are similar to those established by Munoz (1984) for biotite in several PCDs. The lower IV(F/Cl) values correspond to higher F/Cl ratios.
Variations in the Mg/Fe and F/OH ratios in magmatic biotite can be used to investigate contamination in the igneous rocks (Ague and Brimhall, 1988) . The term "contamination" has been used by the authors, in a broad sense, to refer to interactions of mafic I-type magmas derived from upper mantle or subducted slabs with a b Figure 8 . The calculated halogen fugacity ratios of magma in equilibrium with biotite for Chahfiruzeh porphyry; ratios for several other intrusions associated with porphyry-style mineralization are shown for comparison. a) log (fHF/fHCl) versus log (fH 2 O/fHCl); b) log (fH 2 O/fHF) versus log (fH 2 O/ fHCl). Data for other intrusions: Bingham (Lanier et al., 1978; Parry et al., 1978; Bowman et al., 1987) , Casino (Selby and Nesbitt, 2000) , Miduk (Boomeri et al., 2009) , Sarcheshmeh (Boomeri et al., 2010 ), Los Pelambres (Taylor, 1983 , and Santa Rita (Jacobs and Parry, 1979) . , 1978; Parry et al., 1978; Bowman et al., 1987) , Casino (Selby and Nesbitt, 2000) , Dalli (Ayati et al., 2008) , Miduk (Boomeri et al., 2009) , Sarcheshmeh (Boomeri et al., 2010) , Duolong (Li et al., 2011) , and Batu Hijau (Idrus et al., 2007). continental crustal source components by such processes as partial melting, magma mixing, and assimilation. I-type granitoids containing biotite with log (X Mg /X Fe ) > -0.21 have been divided by Brimhall and Crerar (1987) into 3 subgroups based upon increasing F/OH ratios (Figure 10) . The 3 subgroups of the I-type granitoids are characterized by high oxidation states. The granitoids containing biotite with log (X Mg /X Fe ) < -0.21 have been classified as strongly contaminated and reduced (I-SCR type).
Plots of the Chahfiruzeh magmatic biotites on the log (X Mg / X Fe ) versus log (X F /X OH ) discrimination diagram of Brimhall and Crerar (1987) indicate that the intrusion crystallized from a moderately to strongly crustal-contaminated, I-type granitic magma (Figure 10 ).
Discussion
Al-hornblende thermobarometry suggests that the postore diorite was emplaced at 758 ± 18 °C under a lithostatic pressure of 1.50 kbar. Considering the close spatial and temporal association, the same conditions would apply to the Chahfiruzeh porphyritic intrusion.
The higher albite component in the magmatic plagioclase phenocrysts preserved in the phyllic alteration zone compared to that in the potassic zone (Ab 96.4 to Ab 98.6 and Ab 61.2 to Ab 86.8 , respectively) in the Chahfiruzeh porphyry can be attributed to post-solidus, hydrothermal reactions. An original magmatic effect on the composition of plagioclase is ruled out, since crystal fractionation is expected to result in the formation of increasingly Na-rich plagioclases inward.
Lead and zinc chloride complexes are more stable in hydrothermal fluids at acidic pH conditions characteristic of phyllic alteration in a porphyry environment (e.g., John, 2010) . This has resulted in the precipitation of chalcopyrite with lower Zn and Pb contents in the phyllic alteration zone compared to that associated with potassic alteration assemblages that commonly form under less acidic conditions.
Unlike in silicates, limited data are available on the chemistry of sulfides in porphyry systems. Pasava et al. (2010) and Hanley et al. (2010) investigated the distribution of platinum-group elements in pyrite from the Kalmakyr porphyry deposit in Uzbekistan. In a recent study, Reich et al. (2013) investigated the distribution of precious metals, metalloids, and heavy metals in pyrite from the Dexing porphyry deposit in China. Our data indicate that the chemistry of sulfide minerals is mainly controlled by the characteristics of the fluids at any time in the course of the evolution of the hydrothermal system.
Biotite is the main alteration product in the potassic zone and occurs as replacing primary magmatic hornblende and biotite (reequilibrated biotite), as well as a newly formed phase in the matrix (neoformed biotite). The 2 types of biotites display narrow ranges in Fe/(Fe + Mg) ratios, but variable Al IV contents, in the Chahfiruzeh porphyry. The neoformed biotites from potassic alteration in the host andesite are distinguished by higher Al IV in the tetrahedral layer.
Both magmatic and alteration biotites are Mg-rich, with X Mg ranging from 0.53 to 0.68 corresponding to a phlogopite mole fraction (X Phl ) of 0.50 to 0.64. Enrichment in Mg in phlogopite-annite solid solution, as in the Chahfiruzeh hydrothermal biotites, can be attributed to relatively high oxygen and/or sulfur fugacities (Wones and Eugster, 1965; Wones, 1972; Tso et al., 1979) and consumption of iron to form magnetite, pyrite, and/or chalcopyrite. The neoformed and reequilibrated biotites in the Chahfiruzeh intrusion are characterized by higher Al 2 O 3 , FeO, and K 2 O and lower F, Na 2 O, and TiO 2 contents compared to the primary magmatic biotite. Chlorite occurs as an alteration product associated with sericite in the phyllic zone, as well as an overprint on secondary biotite in the potassic zone, and as replacing magmatic hornblende and biotite in the propylitic zone. Chlorites from various alteration zones in the Chahfiruzeh porphyry system formed at similarly low temperatures (212 to 246 °C), implying that the whole system equilibrated with a common fluid at low temperatures.
The halogen (fluorine-chlorine) fugacity for the Chahfiruzeh porphyry parent magma, as calculated from the composition of magmatic biotites, ranges between 5.23 and 6.80 and between 5.05 and 5.13, respectively. The fugacity ranges are comparable to those calculated for mineralizing intrusions in the Sarcheshmeh and Miduk PCDs, Iran (Boomeri et al., 2009 (Boomeri et al., , 2010 . Compared to other porphyry systems, magmatic biotite from Chahfiruzeh shows a narrow range in log(fH 2 O/fHF) values. The lower log (fHF/fHCl) values for Chahfiruzeh is consistent with the Cl-rich nature of the hydrothermal fluids. Magmatic biotites from the Chahfiruzeh porphyry display a narrow range, between -3.89 to -4.00, in IV(Cl) values, similar to that reported for magmatic biotite from the Miduk PCD (Boomeri et al., 2009 ) but slightly lower than that in the Sarcheshmeh PCD (Boomeri et al., 2010) . The IV(F) values vary between 1.50 and 3.07, similar to those reported from the Sarcheshmeh and Miduk PCDs (Boomeri et al., 2009 (Boomeri et al., , 2010 .The IV(F/Cl) values range from 5.50 to 7.02. The biotites show a similar range of IV (F/Cl) values corresponding to a Cl-rich system rather than an F-rich system. The composition of magmatic biotite from the Chahfiruzeh porphyry is consistent with crystallization from a moderately to strongly contaminated I-type granitic magma.
Appendix 1. Chemical composition of the sericite of phyllic alteration from the Chahfiruzeh porphyry.
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